The binding energies of s-shell hypernuclei are calculated using the stochastic variational method. It is shown that the Pauli principle at the quark level brings about a special constraint on the dynamics of hypernuclei. When the constraint is taken into account consistently with the quark confinement, the predicted Λ separation energy of 5 Λ He is significantly reduced for a baryon size of 0.86 fm, while it is unchanged for 0.6 fm. Effective ΛN central potentials used in the present analysis reproduce the excitation energies of the
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Vol. 101, No. 4 neglecting the quark substructure of the baryons. The latter possibility is suggested in Refs. 5) and 6) on the basis of the quark shell model, which would be valid only in the deconfined phase and is too crude in the low-energy domain. To the best of our knowledge, no realistic, dynamical analysis of this possibility has yet been made consistently with the picture that quarks are confined in baryons. Instead of attempting to describe explicitly the hypernuclear wave function in terms of the quark cluster model, 7) we seek the significance of the quark substructure of the baryon, retaining the baryons as the constituents of the hypernuclei.
One of the important aims of s-shell Λ hypernuclear spectroscopy is to determine the properties of the ΛN interaction in S waves. Our knowledge concerning the ΛN interaction is still very limited because experimental data regarding this interaction are still sparse and imprecise for a detailed phase shift analysis. Meson-exchange models 8), 9) or QCD-inspired quark models 10), 11) have been constructed to predict the hyperon-nucleon (Y N) potential. Though the meson-exchange model describes the NN scattering data well, its extension to the Y N interaction using SU (3) constraints on the coupling constants does not lead to a unique prediction for the Y N observables, because there are ambiguities in accounting for the effect of flavor SU (3) symmetry breaking and also in the description of the interaction at short distances. On the other hand, the quark model has some advantages with respect to these difficulties, but its prediction is to be considered rather qualitative. For example, it is not as accurate for the NN scattering observables as the meson-exchange model.
In this situation we use simple ΛN central potentials of the Minnesota type, 12)
where u is an exchange-mixture parameter. Since the value of u is rather insensitive to A = 3, 4 binding energies, we set it equal to 1.5 to fit the forward and backward ratio of the Λp scattering data. 13) First, we tested several sets of parameters which were determined to fit the 1, 3 S phase shifts of Ref. 8) or 11). The binding energies calculated with these potentials were all too large for the A = 4, 5 hypernuclei, as expected. Next these potentials were modified to fit the A = 3, 4 binding energy data. As all of them turned out to give essentially the same result, we list in Table I only two sets of potential parameters. By reproducing the A = 3, 4 binding energies with the central potential we do not necessarily insist that neither the three-body force nor the tensor force is necessary for the binding of these hypernuclei. (See, e.g., Ref. 14) for an important role of Λ-Σ conversion in 3 Λ H.) We expect that the potential (1) includes such effects. Since no charge symmetry-breaking is invoked in the present analysis, the energy difference of the 4 Λ H-4 Λ He isodoublet cannot be explained, but the excited states with J π = 1 + of the A = 4 system are discussed below.
We assume that the spatial part of the s-shell Λ hypernuclei interacting with the central potential can be described well by the wave function with total orbital angular momentum L = 0. An arbitrary function with L = 0 can be approximated to any desired accuracy by a combination of the correlated Gaussians
where
represents a set of relative (e.g., Jacobi) coordinates which are expressed through the baryon's position coordinates,
nonlinear parameters α kij that characterize the correlated Gaussian. We stress that in (2) the correlations of all A baryons are treated on an equal footing. The trial function is given as a combination of the correlated Gaussians:
where the operator A antisymmetrizes the nucleon coordinates, and χ kSM S (η kT M T ) is the spin (isospin) function, with k representing a set of intermediate spins S 12 , S 123 , · · ·. In the calculation we tested all the possible spin and isospin functions and selected the optimal set for each matrix A k . The basis elements are set up one-by-one by using the stochastic variational method. 15), 16) The basis dimension is increased until the solution reaches a practical convergence. The accuracy of solutions with Eqs. (2) and (3) has been confirmed with many examples. 16) In the baryonic picture, where a baryon is treated as a structureless particle and Λ can be distinguishable from N , it is not necessary to impose any restriction on the basis function (3). However, when we take the quark substructure of the baryon into consideration, a special constraint has to be put on the trial wave function of 5 Λ He, as seen below. Let us assume that a baryon is a composite particle of three quarks and each quark moves in the 0s orbit of a harmonic-oscillator well with size parameter b. Then the spatial part of the three-quark baryon is given by
where ρ i is the quark's position vector, r 1 = is the spatial part of the baryon's intrinsic wave function. The value of b can be estimated to be about 0.86 fm by requiring that the function (4) reproduces the charge radius of the proton. 17) When the two-baryon wave function is described by exp{−3/(2b 2 )(r 2 1 + r 2 2 )}, we interpret it as indicating that all six quarks move in the 0s orbit, exp(−ρ 2 /(2b 2 )), of the common harmonic-oscillator well. By increasing the number of baryons, we thus expect the many-baryon wave function to become subject to the special constraint arising from the quark Pauli principle that any single-particle orbit can accommodate at most six quarks (three colors and up-down spins) for each flavor.
It is easy to see that we have no apparent quark Pauli-forbidden states up to A = 4 hypernuclei. However, this is not the case for 5 Λ He: Four nucleons of 5 Λ He, when they are on top of one another, already have six u-quarks and six d-quarks in the 0s orbit, so neither the u nor the d quark of Λ can be in the same 0s orbit. This leads us to the conclusion that the five baryons of 5 Λ He are not allowed to take the configuration described by exp{−3/(2b 2 ) 5 i=1 r 2 i }. The Pauli-forbidden state for 5 Λ He, with its center-of-mass motion being separated, is thus given by
where R is the center-of-mass coordinate of the five baryons. The normalization constant is given by N =
where M N and M Λ are the masses of N and Λ, respectively. For the trial function of 5 Λ He, the correlated Gaussian in (3) should be replaced by the one which has no Pauli-forbidden component:
For the NN interaction we use the Minnesota potential, 12) which reproduces the The binding energy reduction as discussed above depends on the choice of b. To understand its sensitivity to b, we display in Fig. 1 of b. It is seen that the B Λ value does not change for b ≤ 0.6 fm, decreases rather drastically beyond b = 0.7 fm, and becomes underbound for b ≥ 0.9 fm. The binding energy reduction amounts to about 1.5 MeV for b = 0.86 fm. This choice should be considered a maximum as an acceptable value for b. We note that a slightly smaller value has been used to study the baryon-baryon interaction in quark models. This is the case because otherwise mesonic cloud effects would lead to a baryon-baryon interaction that is too long-ranged to be compared to the one-pion exchange potential.
We note that the potential (1) enables us to obtain accurate excitation energies for the A = 4 isodoublet. They are sensitive to the spin-spin (σ Λ · σ N ) term. 18) In fact, in the naive picture in which the ground and excited states of 4 Λ H have the same structure, except for the spin coupling of the nuclear core and Λ, the energy difference between them can be related to the average strength of the 1 S and 3 S components of the ΛN interaction: 19) forbids the complete overlap of 3 H and n or 3 He and p, the quark Pauli requirement has a substantial effect on neither the 3 H + n + Λ nor 3 He + p + Λ system. We have estimated the binding energy reduction due to the quark Pauli effect in 9 Λ Be using a microscopic 4 He + 4 He + Λ cluster model. The reduction in the B Λ value is about 1.7 MeV for b = 0.86 fm, but negligibly small (0.1 MeV) for b = 0.6 fm.
In summary, we have shown that the intricate role of the Pauli principle at the quark level produces a significant reduction in the Λ separation energies of 5 Λ He and 9 Λ Be, provided that the baryon size is taken as 0.86 fm. The binding energy reduction vanishes at the smaller baryon size of 0.6 fm. Since the quark Pauli effect is a manybody effect, it cannot be taken into account by the elementary ΛN interaction.
This work was supported by Grants-in-Aid for Scientific Research (Nos. 09225201 and 07640397) of the Ministry of Education, Science, Sports and Culture (Japan).
